Abstract. Azithromycin, an important member of the azalide subclass is effective against both Grampositive and Gram-negative organisms. Certain physicochemical properties of the drug like poor water solubility and relatively low bioavailability of 37% due to incomplete absorption after ingestion, aroused the need for the development of a novel drug delivery system to enhance the solubilization potential and antibacterial activity against Staphylococcus aureus at a very low concentration. Cinnamon oil (Cinnamonum zeylanicum)-based microemulsion system formulated using non-ionic surfactant, Tween 20, and water was characterized. The drug-incorporated system F4 (oil to surfactant ratio of 1:4 (v/v)) showed enhanced solubilization of the drug, droplet diameter of 5-8 nm, and a good thermodynamic stability. The effect of surfactant concentration exhibited a negative correlation with droplet size diameter and turbidity and a positive correlation with stability and viscosity. The system was investigated for its antibacterial activity that demonstrated a significantly higher activity at a minimum concentration (4 μg/ ml) of the novel drug-loaded system in comparison with the conventional formulation (128 μg/ml). Examination through scanning electron microscopy analysis further confirmed a considerable morphologic variation due to alteration in the membrane permeability of the microemulsion-treated system. The small droplet size of the microemulsion system and the antibacterial property of cinnamon oil, together, accounts clearly for the enhanced efficacy of the new formulated system F4 and not just azithromycin alone. Staining with acridine orange/ethidium bromide dyes as examined through fluorescence microscopy also substantiated with the results of membrane permeability of bacteria. Thus, our study discloses a potential oral drug delivery system of azithromycin with improved biocompatibility.
INTRODUCTION
Macrolides are a group of drugs that belong to the family of commonly used antibiotics of clinical importance. Generally, macrolides are effective in treating infections caused by Gram-positive organisms like Staphylococcus aureus, Streptococcus pyogenes, and Streptococcus pneumoniae. Staphylococci are responsible for a wide variety of skin infections that may be localized, diffused, or located deep inside and many others (1) . But there are certain reports explaining the resistance of S. aureus and S. epidermidis to certain antimicrobial agents like methyl penicillin and its derivatives, which in turn, had evolved as a major reason for the development of the secondgeneration antibiotics (2) . Azithromycin, of its kind, exhibited significant antibacterial activity against both Gram-positive and Gram-negative (3) organisms. Azithromycin belongs to the subclass of azalides (4) with increased acid stability and their antibacterial activity is due to the presence of a 15-membered aglycone ring with additional nitrogen in its chemical structure (5) (6) (7) (8) . It works by binding to 50S subunit of the 70S bacterial ribosome and also interferes with the elongation of nascent polypeptide chain, thus, inhibiting the RNA dependent protein synthesis in susceptible micro-organisms (9) . Azithromycin, though similar to erythromycin, shows improved potency against infections caused by Hemophilus influenzae, S. pneumoniae, Clamydophila pneumoniae, Mycoplasma pneumoniae, Moraxella catarrhalis, S. aureus, S. pyogenes, Salmonella typhi, and others (10, 11) . The potency is mainly attributable to the modification in the chemical structure of azithromycin. But there has been problem regarding the emergence of more resistant strains due to the extensive usage of antibiotics by patients without the prescription by doctors. Moreover, azithromycin was found to be highly lipophilic with poor water solubility and relatively low oral bioavailability of 37% after ingestion (12) . Acid degradation of the drug before absorption and possibly, incomplete absorption accounts for low bioavailability (13) . Hence, a need arouses to improve the antibacterial efficacy by designing a more effective and a suitable drug delivery system for azithromycin and to monitor the in vitro susceptibility of the organism.
The concept of microemulsion has drawn attention as drug delivery agents due to the presence of compartmentalized hydrophilic and hydrophobic domains in which both nonpolar and polar compounds could be incorporated. Oil-in- 
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st both Gramt both G g like poor water g like poor water er ingestion, aroused r ingestion, aroused bilization potential a bilization potential entration. Cinnam ntration. Cinnam non-ionic surfactan n-ionic surfact to surfactant ratio o to surfactant ratio 8 nm, and a good t 8 nm, and a good t correlation with dro lation with dro sity. The system wa ity. The system w activity at a minimu vity at a minimu the conventional onventional rther confir r confir he mic mi water microemulsions are generally preferred in improving the bioavailability of highly lipophilic and aqueous insoluble drugs (14) (15) (16) (17) . The microemulsion technique is prepared in ease (with no input of high-energy methods) and provides very low interfacial tension at the oil/water interface, greater solubilization of organic compounds, small droplet size, high surface area, enhanced shelf life, and good thermodynamic stability (18) (19) (20) (21) (22) . All these factors enable easy permeation of drugs through small capillary vessels without any discrimination by the host natural defense mechanism and therefore, readily absorbed by the organs presenting improved therapeutic efficacy (23, 24) . In recent years, there are many findings related to essential oil-based microemulsion system having prospective applications in pharmaceuticals (25) (26) (27) (28) (29) . This includes clove oil microencapsulation of natural bioactive products like Bassic acid, Quercetin, and Diospyrin that is reported to be more efficient, nontoxic, and biocompatible as well (30) (31) (32) . In our study, we initially assessed the highest solubilization capacity in order to reduce the dosage concentration and also to improve the efficacy of the novel formulated drug delivery system against bacteria. Hence, we aimed at designing and characterizing biologically acceptable novel cinnamon oil-based microemulsion system as drug delivery vehicle for azithromycin with minimum components in them. Cinnamon oil, chosen in this study, is known to possess diverse functions including analgesic, antiallergic, antidiabetic, antimicrobial, antioxidant, antipyretic, antispastic, antithrombotic, antiulcerogenic, anxiolytic, and antiulcerous effects (33) (34) (35) (36) (37) (38) . Also, Cinnamomum zeylanicum has eugenol and transcinnamaldehyde as the major components in them (39) . Hence, the potential activities of these volatile compounds play a role in enhancing the biological applications of the cinnamon oil. The drug-incorporated novel microemulsion system was tested for its efficacy against S. aureus (ATCC 25923). The membrane integrity of bacteria and fluorescent microscopic techniques were used in studying the effects of the newly formulated azithromycin in comparison with the conventional formulation.
MATERIALS AND METHODS

Materials
Azithromycin was a kind gift sample from Aurobindo Pharma Limited, Hyderabad, India. Cinnamon leaf oil (extracted from C. zeylanicum), nonionic surfactant Tween 20, and acridine orange were obtained from Sigma Aldrich, India. Castor oil, eucalyptus oil, and peppermint oil was obtained from Hi Media Laboratories, Mumbai, India. Coconut oil was obtained from the local market in Vellore, India. Ethidium bromide was supplied by Medox Biotech India Pvt. Ltd. Ultrapure water (Cascada™ Biowater System, Pall Corporation, USA) with a resistivity of not less than 18.2 MΩ cm was used throughout the study for all experiments. The antibacterial activity carried out using S. aureus (ATCC 25923) was purchased from Hi Media. All other reagents used were of analytical reagent grade.
Screening of Oils for Microemulsion
The solubility of azithromycin in different oils (castor oil, coconut oil, eucalyptus oil, peppermint oil, and cinnamon oil) was determined by conventional equilibration method by adding an excess amount of drug to 3 ml of the selected oils in 5-ml capacity stopper vials. The mixture was vortexed and kept in an orbital shaker (Orbitek Pilot Shaker Model PX1, Scigenics Biotech, India) for 72 h and maintained at a temperature of 25± 1.0°C to reach equilibrium. The equilibrated samples were then centrifuged at 3,000 rpm for 15 min and the supernatant was filtered through a 0.45-μm membrane filter. The drug concentration in the filtrate was determined using double-beam UVvisible spectrophotometer (UV-Vis Systronics-2201) after appropriate dilution (40) with methanol at 215 nm.
Preparation of Drug-Loaded Microemulsion
A minimum amount of 10 mg of the lipophilic drug, azithromycin, was dissolved in 1 ml of cinnamon oil and kept overnight to ensure complete dissolution. Followed by addition of surfactant and water that is thoroughly mixed using vortex for the incorporation of drug in the oil-in-water microemulsion system. The drug is water insoluble and thus remains in the oil core.
Thus, a microemulsion system was formulated using cinnamon oil as the oil phase, Tween 20 (with average HLB value of 16.7) as the non-ionic surfactant, and water as the aqueous phase. Tween 20, a small molecule surfactant gets adsorbed onto emulsion droplet surface more rapidly than high molecular weight surfactants (e.g., polymers). Thus, Tween 20 is comparatively more effective in minimizing droplet diameter than polymers. The concentration of cinnamon oil (6% v/v) was fixed for all formulations. Organic phase was prepared by mixing oil and surfactant in different ratios (v/v) such as 1:1, 1:2, 1:3, 1:4, and 1:5 (Table I ) and then organic phase was drop-wise added to water. The reaction was carried out by gentle agitation or mixing of the components. Emulsions were formed spontaneously and characterized.
Physicochemical Characterization
Viscosity Measurements
Viscosity of all the formulated drug-loaded microemulsions was measured using a Brook Field Viscometer (model LVF 
Turbidity Measurements
Turbidity of the formulated drug-loaded microemulsions was analyzed by measuring the absorbance at 600 nm. Absorbance of undiluted samples at 600 nm was recorded using UV-visible spectrophotometer (2201, Systronics, India).
Size Analysis
Droplet Size Distribution of the Drug-Loaded Microemulsion
Droplet size and polydispersity index of F4 microemulsion formulation (drug loaded) was determined using 90 plus particle size analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). Microemulsion formulation was diluted with ultrapure double-distilled water prior to experiment to do away with the effect of viscosity caused on account of emulsion ingredients and also to trim down multiple scattering effect. The size measurement was carried out in triplicates and the average results were reported in this paper. A sample volume of 3 ml was used in these measurements.
Thermodynamic Stability Studies
The stability of the drug-loaded microemulsions during storage at room temperature and under extreme conditions was examined as follows:
Centrifugation Study
The formulated microemulsions were studied for their resistance to centrifugation. To ensure physical stability, all formulations were subjected to centrifugation (REMI International, India) at 3,500 rpm for 30 min and observed for phase separation, creaming, and cracking (if any).
Heating-Cooling Cycle
This study was performed to check the effect of temperature variations on the stability of microemulsion formulations. Samples were stored between 4°C and 45°C temperature each for a period of 48 h. The heating-cooling cycle was repeated six times. The microemulsion formulations that did not show any instability (such as cracking, creaming, and phase separation) were chosen and subjected to freeze-thaw stress.
Freeze-Thaw Cycle
In this study, microemulsion formulations were subjected to freeze-thaw cycle between −21°C and +25°C with storage at each temperature for a minimum period of 48 h. Three freeze-thaw cycles were performed and the formulations that are stable to this stress condition was further selected and characterized for study.
Kinetic Stability
Microemulsion formulations were preserved at room temperature for checking out intrinsic stability. The emulsion formulations were observed for phase separation, creaming, and cracking with respect to prolonged storage time period. Kinetic stability was investigated by measuring droplet size of the microemulsions in different intervals of time.
Drug Content in the Microemulsion System (F4)
For determination of drug content, about 1 ml of the drug-loaded microemulsion system (F4) was measured and this was diluted appropriately using ethanol and the drug content was determined spectrophotometrically at 215 nm.
Antibacterial Activity
Preparation of Inoculum
The stock strain of S. aureus (ATCC 25923) was maintained on nutrient agar slopes at 4°C. For the experiments, a loopful of colonies were inoculated into MuellerHinton broth (MHB) and incubated for 18-24 h at 35°C. A repeat subculture was made to ensure purity and viability. The culture was then diluted with fresh MHB to achieve optical densities corresponding to 1.5×10 7 
−10
8 colony forming units (CFU/ml).
Preparation of Drug Stock Concentrations
Azithromycin bulk formulation was prepared by dissolving azithromycin pure in ethanol and diluted using sterile ultrapure water (41) . Azithromycin in cinnamon oil alone was also studied by dissolving azithromycin in cinnamon oil and 10% DMSO was used as the diluent. Azithromycin microemulsion formulation was prepared by dissolving azithromycin pure in cinnamon oil microemulsion formulation. Sterile ultrapure water was used as the diluent.
The stock concentrations of 1,000 μg/ml were prepared initially for bulk and microemulsion formulations separately. From the stock concentrations, various dilutions of 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512 μg/ml were prepared for determining the susceptible zone range.
Antibacterial Susceptibility Testing
The antibacterial activity was screened by paper disk diffusion method (42-44) using Mueller-Hinton agar (MHA) medium. About 20-25 ml volume of the molten MHA medium was poured onto sterile Petri plates. The plates were allowed to settle for 5 min. Of the inoculum, 100 μl was swabbed uniformly onto the plates and allowed to dry. About 10 μl of different concentrations ranging from 0.25 to 512 μg/ ml of both azithromycin bulk and azithromycin microemulsion formulation were loaded onto 6-mm sterile disk, respectively. The loaded disk was then placed on the surface of medium and allowed to diffuse for few min. For control, a 15 μg azithromycin disk (Hi Media) was placed separately onto a plate. The plates are incubated at 37°C for 18-24 h. The sensitive zone was measured in millimeters using horizontal ruler. The studies were carried out in triplicates to ensure reproducibility.
Determination of Minimal Inhibitory Concentration by Broth Microdilution Technique
The minimal inhibitory concentrations (MICs) were determined for both conventional and microemulsion formulation of azithromycin by microwell dilution technique using Mueller-Hinton broth. The inoculum used was a suspension of microorganisms (S. aureus) of 1.5×10 7 −10 8 CFU/ml. Both the formulations were dissolved in sterile ultrapure water to the highest concentration to be tested (512 μg/ml) and then serial twofold dilutions were made in concentrations ranging from 512 to 0.25 μg/ml. The 96-well microplates were prepared by dispensing into each well 95 μl of culture broth, 5 μl of inoculum, and 100 μl serial dilutions (512-0.25 μg/ml) of both conventional and cinnamon oil-based microemulsion of azithromycin, respectively. The final volume in each well was 200 μl. The plates were incubated at 37°C for 24 h and read visually. MIC was defined as the lowest concentration at which there was no viability or visible growth after the incubation period. A microbial culture control (a series of wells containing culture medium with microbial suspension) and a sterility control (a series of wells containing only culture medium) were also used in this technique. The test was performed in triplicates (45) (46) (47) .
Membrane Integrity of Bacteria
The membrane integrity test was performed with optimized minimal concentration of the treated culture (S. aureus, 4 μg/ml) according to the protocol developed by Hou et al. (48) with a slight modification. An overnight bacterial culture grown at 37°C was harvested, washed, resuspended, and adjusted to 1.5×10 8 CFU/ml with phosphate buffered saline (PBS). About 0.5 ml of the bacterial culture was diluted with 9.5 ml of optimized concentration of azithromycin bulk (test 1) and azithromycin microemulsion (test 2) formulation, respectively. The untreated bacterial suspension diluted with PBS acts as the control. The samples were then incubated at room temperature for 1 h and centrifuged at 6,000×g for 10 min, in order to study the release of cytoplasmic contents from bacterial cells. The supernatant obtained was measured for absorbance at 260 nm using UV-vis spectrophotometer (Systronics 2201, India). The absorbance measured was directly proportional to cytoplasmic leakage of the contents. The results obtained were calculated as mean±SD.
Determination of Cell Viability by Acridine Orange/Ethidium Bromide Staining
The extent of membrane disintegration of S. aureus after being treated with both conventional and microemulsion formulation of azithromycin (including untreated control) was demonstrated by acridine orange/ethidium bromide staining. Necrotic and apoptotic cells were distinguished from normal live bacteria cells using ethidium bromide and acridine orange vital dyes by fluorescent microscopy. The fluorescent dye staining technique was performed according to the protocol developed by Jakopec et al. to distinguish live and dead cell cultures after treatment (49) . Acridine orange is a vital dye that will stain both live and dead cells, but ethidium bromide will stain only those cells that have lost their membrane integrity. An overnight-grown bacteria culture was harvested by centrifuging at 5,000 rpm for 15 min. A known concentration of the culture inoculum (1.5×10 7 
−10
8 CFU/ml) was interacted with the determined optimized 4 μg/ml concentration of conventional (test 1) and microemulsion (test 2) formulation of azithromycin, respectively, for a period of 120 min. The pellet-containing bacteria was obtained by centrifuging at 5,000 rpm for 15 min, followed by washing with PBS twice. To about 500 μl of the bacterial suspension in PBS, 4 μl each of acridine orange (15 μg/ml of PBS) and ethidium bromide (50 μg/ml in PBS) were added. After incubating for 5 min, centrifugation was done to get rid of unbound dyes and the pellet was resuspended in 500 ml of PBS (pH 7.4). The images were captured by using fluorescence microscope (Leica, DM-2500) supplied with Leica-DFC-295 camera and LeicaApplication Suite 3.8 processor.
Assessment of Morphological Alterations by Scanning Electron Microscopy
An overnight culture of S. aureus grown in 50-ml nutrient broth was incubated at 35°C in a rotary shaker at 200 rpm. The cells were centrifuged at 5,000 rpm for 15 min and washed two times in PBS. A known concentration of the culture inoculum (1.5×10 7 −10 8 CFU/ml) was prepared, which acts as the control. An optimized concentration (4 μg/ml) of both azithromycin bulk and azithromycin microemulsion formulation was interacted with culture for 120 min. After treatment of S. aureus cells with both formulations, the samples were washed twice with PBS (pH 7.4) to purge the presence of the test materials. These specimens were mounted on aluminum stubs, followed by coating with gold using a sputter coater. After processing, samples were observed under a high-resolution scanning electron microscope (FEI Quanta FEG 200) that has a resolution of 1.2 nm gold particle separations on a carbon substrate.
RESULTS
Criteria for Selection of Components
For the development of improved oral drug delivery system for azithromycin, various components are chosen from generally regarded as safe (GRAS) category. Oil-in-water microemulsion system is most preferred for the incorporation of hydrophobic drug molecules as they enhance the solubilization and stabilization of the compound and thereby provide a better dissolution in vivo. Hence, lipophilic systems are chosen for our study. Due to minor or no toxic effects of the biobased non-ionic surfactants as compared to ionic surfactants, they are added to our system. Also, the concentration of surfactant used is kept under control as increase may lead to gastrointestinal irritation.
Solubility Study
The drug is incorporated in the oil core and thus the oil system plays a major role in maintaining the drug compound in its solubilized state. Solubility studies are performed to find the solubilization potential of azithromycin in different oil system and the reports are shown in Table II .
Physicochemical Characterization of the Formulations
By varying oil to surfactant ratio of 1:1 to 1:5 (F1 to F5), different drug-loaded cinnamon oil-based formulations were formulated to optimize the best formulation with 0.4% of azithromycin in it. All the formulations were characterized for their droplet size diameter, viscosity and turbidity measurements, and stability studies. From these characterization studies, the best drug-loaded formulation alone was chosen for further in vitro antibacterial activity against S. aureus.
Effect of Surfactant Concentration on Droplet Size
Drug-loaded cinnamon oil-based microemulsion formulations F1, F2, and F3 exhibited droplet diameter of 9,236, 8,923, and 4,893 nm, respectively. As the surfactant concentration increased, gradual reduction in droplet was observed. Oil to surfactant ratio of 1:4 (v/v) showed droplet size range of 5.2-7.2 nm (Fig. 1) . With further increase in oil to surfactant ratio, no significant decrease in droplet size was obtained. Also, the F4 formulation showed the lowest polydispersity index of 0.058 that confers higher stability than other formulations. The polydispersity index measurement confers homogeneity and stability of the formulations. The lower the polydispersity index, the more stable is the microemulsion formed (50,51). Hence, F4 formulation was chosen for further characterization and application studies.
Effect of Surfactant Concentration on Viscosity
The surfactant concentration of all the formulated drugloaded formulations exhibited a positive correlation with the viscosity readings (Fig. 2) . The viscosity of the formulations F1, F2, F3, F4, and F5 are 2.0, 3.0, 6.2, 20.0, and 25.6 cPs, respectively. With increase in surfactant concentration from F1 to F5 (keeping the oil concentration constant), steady increase in viscosity of the microemulsion was observed. All readings were taken in triplicates.
Effect of Surfactant Concentration on Turbidity
The surfactant concentration of the formulations F1 to F5 exhibited a negative correlation with the turbidity readings. Visual appearances of all the drug-loaded formulations are shown in Fig. 3a . The turbidity of the emulsions was expressed as absorbance at 600 nm. Increase in surfactant concentration is seen with reduced absorbance value (Fig. 3b) .
Stability of the Drug-Loaded Formulations
The thermodynamic stability of the formulated drugloaded cinnamon oil-based microemulsions was investigated by subjecting to centrifugation, heating-cooling cycle, and freeze-thaw cycle. Phase separation occurred in F1 and F2 formulations after 24 h of preparation whereas F3 formulation separated into constituent phases after 48 h. F3, F4, and F5 were stable after centrifugation, whereas phase separation was observed in case of F1 and F2 formulations. F4 and F5 formulations were stable to temperature variation and sustained after freeze-thaw and heating-cooling cycle. F1, F2, and F3 formulations did not withstand extreme temperature changes. The kinetic stability of the formulations was studied by storing for prolonged periods of time. Both F4 and F5 formulations (Fig. 4) .
Drug Content in the Microemulsion (F4)
The azithromycin content in our new formulated system was found to be 98.67±0.98% of the theoretical value (0.4% w/v). This parameter is necessary for determining the dosage of the antibiotic.
Antibacterial Activity
Antibacterial Susceptibility Testing
The antibacterial activity was performed against S. aureus (ATCC 25923). Azithromycin pure was prepared at varying concentrations of 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512 μg/ml for both conventional formulation (sterile water used as diluent), cinnamon oil alone formulation (10% DMSO used as diluent), and cinnamon oil-based microemulsion formulation (sterile water used as diluent), respectively. The quality control strain of S. aureus gave 21-26 mm zone sizes with 15 μg azithromycin disk. And thus for the interpretation of tests, ≥19 mm was considered as susceptible and ≤15 mm was considered as resistant (52) . The sensitive zone of inhibition was obtained at 128 μg/ml for conventional formulation and 64 μg/ml for cinnamon oil formulation of azithromycin alone, respectively. A blank microemulsion excluding the drug was also used, for which the zone of inhibition was obtained at 64 μg/ml. In the case of microemulsion formulation of azithromycin, a superior inhibition activity was obtained at a minimum concentration of 4 μg/ml.
Quantitative Assay for Antibacterial Activity by Broth Microdilution Method
The quantitative method for determining antibacterial activity of both conventional and microemulsion formulations of azithromycin were done by microdilution method in liquid medium. The MIC value was read by visual observation of wells: in the initial wells containing high concentrations of both formulations of azithromycin, there was no visible culture growth. This means that all microbial cells are killed or inhibited at this highest concentration. At lower concentrations of both drugloaded formulations, the microbial culture growth was visible. The least or minimum concentration that inhibited the visible microbial growth was considered as the MIC (in microgram per milliliter) value for the tested compounds, respectively. Thus, the MIC value was found to be 128 and 4 μg/mL for conventional and microemulsion formulation of azithromycin respectively. Thus, our formulation showed significantly higher antibacterial activity at a very low concentration. The results also correlated well with the abovementioned experiment. The controls in the other wells, including the standard culture growth control wells, the medium appeared very turbid or muddy as a result of microbial growth. In the sterility control wells series, the medium remained clear. From all the concentrations, highest (well without any visible microbial growth) to lowest (well that presented microbial growth) concentration, Gram-stained smears were performed for the results confirmation.
Membrane Integrity of Bacteria
The cytoplasmic release from the membrane cells of S. aureus when interacted with both conventional and microemulsion formulation of azithromycin was quantified by measuring the absorbance at 260 nm. The cytoplasmic leakage observed at 1 h was 0.51 a.u. for conventional formulation (test 1) and 2.08 a.u. for microemulsion formulation (test 2) at 4 μg/ml optimized concentration as obtained from susceptibility testing. From Fig. 5 , it is evident that there is tremendous increase in the release of cytoplasmic contents from cinnamon oil-based microemulsion formulation of azithromycin as when compared to conventional formulation.
Determination of Cell Viability by Acridine Orange/Ethidium Bromide Staining
The cell viability and alteration in membrane permeability of the treated bacteria was substantiated with acridine orange/ethidium bromide staining experiment. Untreated control cells of S. aureus (Fig. 6a) were live and appeared apple green in color which is attributable to staining with acridine orange. On treatment of S. aureus (Fig. 6b) with conventional formulation of azithromycin (optimized concentration, 4 μg/ml), almost all cells were green in color due to their resistance to treatment at this concentration. On treatment of S. aureus (Fig. 6c) with same optimized concentration of cinnamon oil-based microemulsion formulation of azithromycin, the cells were all red in color signifying damaged cells with compromised cell membrane. That is, all bacteria cells were killed on treatment with particular concentration of novel microemulsion formulation. Thus, fluorescence microscopy helps a major role in discriminating between live and dead bacteria cells. This technique plays an important role in various medical applications too (53) . Also, we obtained similar kind of results in another study, in that we reported, acridine orange responsible for green color stains both live and dead cells. And, ethidium bromide responsible for red color stains only dead cells (54) .
Assessment of Morphological Alterations by Scanning Electron Microscopy
Microscopy is a vital contrivance to study possible deformation in bacterial cell structure and alteration in the surface morphology of micro-organisms due to cell damage (55) . On treatment of S. aureus with conventional formulation of azithromycin (Fig. 7a) at optimized concentration (4 μg/ml), the cells showed no morphological disturbances. Whereas, considerable morphological changes were observed with S. aureus-treated cinnamon oil-based microemulsion formulation of azithromycin at the same optimized concentration (Fig. 7b) . The images obtained by scanning electron microscopy (SEM) demonstrated the presence of considerable distortion of the cell membrane when treated with microemulsion formulation at a minimum concentration.
DISCUSSION
Microemulsions serve as colloidal drug delivery agents for bioactive compounds of poorly soluble drugs with limited dissolution for use in pharmaceutical technology (56, 57) . The selection of formulation components were based on GRAS category. Microemulsions are formed spontaneously when the interfacial tension between oil and water are reduced close to The F4 formulation demonstrated good thermodynamic stability with comparatively lower viscosity compared to F5, and thus F4 was considered as the best optimized formulation. One may also arouse a question whether our formulated system is microemulsion or nanoemulsion owing to the size range. The difference is from the historical definition rather than the size ranges. The critical difference between the two systems is that nanoemulsions are formed by mechanical shear and microemulsions are formed by self-assembly (59) . The stabilization of droplets in the formulated system (F4), ranging about 5-8 nm is attributed to the surfactant molecules that reduce the energy required for stable formation. The droplet size of all formulations was found inversely proportional to the oil-surfactant ratio (that is, the higher the concentration of surfactant, the smaller is the droplets formed) (60) . Also, the surfactant concentration showed a positive correlation with viscosity and negative correlation with turbidity. The increase in viscosity may be due to the water molecules that are trapped into the cross-linking portions of the surfactant molecules (61) . The decrease in turbidity with increase in surfactant concentration is attributed to the reduced droplet size on increase in the surfactant concentration. Thus, optically transparent emulsion system is obtained due to relatively weak scattering of emulsion droplets with minimized diameter (62, 63) .
The formulated new system (F4) was tested for its antibacterial efficacy against S. aureus in comparison with its conventional formulation. The superior bactericidal activity of the formulated microemulsion is mainly due to two reasons. The cinnamon oil itself possesses good antimicrobial property, and thus, incorporation of the drug in the novel system in turn, had improved the antibacterial efficacy. In simple words, the enhanced antibacterial activity was clearly due to the combination effect of azithromycin and the emulsified cinnamon oil co-treatment and not just due to the azithromycin alone. Secondly, the droplet size reduction and thereby, enhanced droplet surface area is made available for its interaction with bacteria. The microemulsion system is capable of fusion with the lipid bilayer cell membrane of the pathogen. This results in destabilization of the membrane integrity and function, resulting in lysis and death of the organism (64) . Thus, the changes in the membrane structure would have altered their permeability and therefore caused an increase in the leakage of UV absorbing substances. The membrane integrity test clearly demonstrates significant release of cytoplasmic contents from the cinnamon oil-based microemulsion system as compared to conventional formulation of azithromycin. The effect of structural damage of cell membrane was further confirmed by fluorescence technique. As fluorescence is endorsed with the property of acridine orange and ethidium bromide to intercalate with nucleic acids due to the lofty negative charge density of phosphate groups, sugars, and hydrogen bonding opening in DNA and RNA (65, 66) . Further, the SEM images demonstrated clear distortion of the cell membrane on treatment with drug-loaded microemulsion system. This result can be correlated with another study (67) , in that, they reported irregular boundary and unclear margins of cell membrane of cariogenic Streptococcus mutans upon treatment with soyabean oil emulsion with very small droplet-sized diameter. But, no considerable morphologic changes were seen in the conventional formulation of azithromycin at the same minimized optimum (4 μg/ml) concentration. Thus, the cinnamon oil-based microemulsion system of azithromycin exhibited substantial antibacterial activity against S. aureus.
CONCLUSION
The clear transparent, low viscous, thermodynamically stable, and the ease of preparation with no high-energy methods is an added advantage of this novel formulation to the pharmaceutical scientists. Our finding has reported the minimum droplet size of the drug-loaded microemulsion system of azithromycin that may enhance their permeation 
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ion on mpara-para was conwas con e may also e may also ed system is ed system is e size range. The e size range. The rather than the si ather than the the two systems is the two systems i mechanical she chanical lf-assembly ( mbly (59 9). through capillary vessels. Also, the superior antibacterial activity of the cinnamon oil-based formulation F4 at a very minimum concentration, would in turn, reduce the dosage level of azithromycin and thereby, increasing the efficacy as a system to a greater extent. Yet, further confirmatory studies regarding this experiment are to be carried out using in vivo animal models to arrive at any final conclusion and the necessary steps are being carried out. 
